Bechtold, Andrea G., and Deborah A. Scheuer. Glucocorticoids act in the dorsal hindbrain to modulate baroreflex control of heart rate. Am J Physiol Regul Integr Comp Physiol 290: R1003-R1011, 2006. First published November 3, 2005 doi:10.1152/ajpregu.00345.2005.-Systemic corticosterone (Cort) modulates arterial baroreflex control of both heart rate and renal sympathetic nerve activity. Because baroreceptor afferents terminate in the dorsal hindbrain (DHB), an area with dense corticosteroid receptor expression, we tested the hypothesis that prolonged activation of DHB Cort receptors increases the midpoint and reduces the gain of arterial baroreflex control of heart rate in conscious rats. Small (3-4 mg) pellets of Cort (DHB Cort) or Silastic (DHB Sham) were placed on the surface of the DHB, or Cort was administered systemically by placing a Cort pellet on the surface of the dura (Dura Cort). Baroreflex control of heart rate was determined in conscious male Sprague Dawley rats on each of 4 days after initiation of treatment. Plots of arterial pressure vs. heart rate were analyzed using a four-parameter logistic function. After 3 days of treatment, the arterial pressure midpoint for baroreflex control of heart rate was increased in DHB Cort rats (123 Ϯ 2 mmHg) relative to both DHB Sham (108 Ϯ 3 mmHg) and Dura Cort rats (109 Ϯ 2 mmHg, P Ͻ 0.05). On day 4, baseline arterial pressure was greater in DHB Cort (112 Ϯ 2 mmHg) compared with DHB Sham (105 Ϯ 2 mmHg) and Dura Cort animals (106 Ϯ 2 mmHg, P Ͻ 0.05), and the arterial pressure midpoint was significantly greater than mean arterial pressure in the DHB Cort group only. Also on day 4, maximum baroreflex gain was reduced in DHB Cort (2.72 Ϯ 0.12 beats ⅐ min Ϫ1 ⅐ mmHg Ϫ1 ) relative to DHB Sham and Dura Cort rats (3.51 Ϯ 0.28 and 3.37 Ϯ 0.27 beats ⅐ min Ϫ1 ⅐ mmHg Ϫ1 , P Ͻ 0.05). We conclude that Cort acts in the DHB to increase the midpoint and reduce the gain of the heart rate baroreflex function. corticosterone; nucleus of the solitary tract; glucocorticoid receptors; brain; stress ELEVATED GLUCOCORTICOIDS INCREASE the risk for cardiovascular disease (13, 20, 46, 58, 59) . Accumulating evidence further indicates that altered glucocorticoid activity or sensitivity, even in the absence of elevated plasma glucocorticoid levels, may play a role in the etiology of human essential hypertension, a primary risk factor for cardiovascular disease (27, 47, 56, 57) . Altered glucocorticoid activity has also been implicated in the pathogenesis of metabolic syndrome, a condition whose symptoms include obesity, elevated blood pressure, and insulin resistance or diabetes (55). Genetic factors appear to increase sensitivity to the adverse cardiovascular effects of glucocorticoids, since several recently identified polymorphisms of the human glucocorticoid receptor (GR) gene have been linked to hypertension and cardiovascular disease (25, 26, 34, 35) . Complementing the data from humans, a glucocorticoid-dependent mechanism of hypertension has been demonstrated in several rat strains, including spontaneously hypertensive (18, 60) and obese Zucker rats (8). Thus multiple lines of evidence implicate glucocorticoids in the development of risk factors for cardiovascular disease. Many of these risk factors are also associated with dysregulation of autonomic function (2, 14, 36). However, the mechanisms by which glucocorticoids modulate arterial pressure regulation, particularly with respect to the effects of glucocorticoids on central pathways controlling autonomic function, remain poorly understood.
ELEVATED GLUCOCORTICOIDS INCREASE the risk for cardiovascular disease (13, 20, 46, 58, 59) . Accumulating evidence further indicates that altered glucocorticoid activity or sensitivity, even in the absence of elevated plasma glucocorticoid levels, may play a role in the etiology of human essential hypertension, a primary risk factor for cardiovascular disease (27, 47, 56, 57) . Altered glucocorticoid activity has also been implicated in the pathogenesis of metabolic syndrome, a condition whose symptoms include obesity, elevated blood pressure, and insulin resistance or diabetes (55) . Genetic factors appear to increase sensitivity to the adverse cardiovascular effects of glucocorticoids, since several recently identified polymorphisms of the human glucocorticoid receptor (GR) gene have been linked to hypertension and cardiovascular disease (25, 26, 34, 35) . Complementing the data from humans, a glucocorticoid-dependent mechanism of hypertension has been demonstrated in several rat strains, including spontaneously hypertensive (18, 60) and obese Zucker rats (8) . Thus multiple lines of evidence implicate glucocorticoids in the development of risk factors for cardiovascular disease. Many of these risk factors are also associated with dysregulation of autonomic function (2, 14, 36) . However, the mechanisms by which glucocorticoids modulate arterial pressure regulation, particularly with respect to the effects of glucocorticoids on central pathways controlling autonomic function, remain poorly understood.
Studies in animals indicate that systemic elevations in glucocorticoids can modulate the function of the arterial baroreceptor reflex (12, 37, 40, (42) (43) (44) . The arterial baroreceptor reflex is an autonomic reflex that is important for the shortterm, and possibly long-term, regulation of arterial pressure (3, 29, 32, 50) . Studies from our laboratory have demonstrated that systemic administration of corticosterone (Cort) modulates baroreflex control of both renal sympathetic nerve activity and heart rate to increase the arterial pressure midpoint and decreases the reflex gain independent of changes in arterial pressure in rats (37, 40) . Studies from Segar et al. (42) (43) (44) demonstrate that glucocorticoids increase the midpoint and reduce the gain of the arterial baroreflex during the perinatal period. These results support the hypothesis that glucocorticoids actively modulate the baroreceptor reflex, suggesting one mechanism by which glucocorticoids may contribute to the development of cardiovascular disease.
Glucocorticoids could modulate the baroreflex by acting at one or more central nervous system sites. The contribution of the central nervous system in glucocorticoid-mediated regulation of arterial pressure has largely been neglected, due in part to the difficulties inherent in selectively manipulating central vs. peripheral glucocorticoid levels. However, utilizing a new method developed in our laboratory to selectively administer Cort to a specific area of the central nervous system, the dorsal hindbrain (DHB), we have recently demonstrated that chronic activation of DHB corticosteroid receptors increases arterial pressure, whereas blockade of DHB GRs attenuates systemic Cort-induced hypertension (38) . The DHB contains a key cardiovascular regulatory site, the nucleus of the solitary tract, which receives, processes, and integrates direct input from many cardiovascular afferents, including the arterial baroreceptors, and has a high level of corticosteroid receptor expression (9, 17, 31, 38) . Thus the present study was designed to test the hypothesis that selective activation of DHB Cort receptors can increase the midpoint and reduce the gain of arterial baroreflex control of heart rate. Cort or Sham pellets were implanted on the surface of the DHB of rats instrumented with indwelling arterial and venous catheters. Baroreflex control of heart rate was determined in conscious rats on each of 4 days after initiation of DHB treatment. In an additional group of rats, Cort pellets were implanted on the surface of the dura (Dura Cort) to control for any systemically mediated effects of this dose of Cort.
METHODS
Experiments were performed in 56 adult male Sprague Dawley rats purchased from Charles River Laboratories. Rats were housed in an American Association for the Accreditation of Laboratory Animal Care-accredited animal care facility on a 12:12-h light-dark cycle. Access to food and water was provided ad libitum. The Institutional Animal Care and Use Committee of the University of MissouriKansas City approved all procedures and protocols.
DHB pellets. Cort pellets for implantation on the DHB or dura were made from powdered Cort (minimum 92% Cort; Sigma) that was liquefied, without overheating, by gently warming the powder over a low flame (30, 38) . The liquefied Cort was pipetted into a mold, or pellets were carved from larger pellets of hardened Cort. Sham pellets were made from Silastic gel (Kwik-sil; World Precision Instruments). All pellets were trimmed to produce final pellet dimensions of ϳ1.5 mm ϫ 1.75 mm ϫ 1 mm (length ϫ width ϫ height). These dimensions produce pellets weighing 3-4 mg. The bottom surface of each DHB pellet was coated with a thin layer of mineral oil to establish a lipophilic diffusion zone between the pellet and brain surface.
Surgery. Animals were allowed to acclimate to the animal care facility for at least 1 wk before any surgical procedure was performed, and all surgical procedures were performed using aseptic techniques. Animals were anesthetized with a combination of Domitor (metatomidine hydrochloride, 0.5 mg/kg ip; Pfizer Animal Health, Exton, PA) and Ketaset (ketamine hydrochloride, 75 mg/kg ip; Fort Dodge Animal Health, Fort Dodge, IA), and then prophylactic penicillin (Pen-Pro-G 600,000 U/kg sc; Henry Schein) was administered.
Catheters were implanted for measurement of arterial pressure and administration of drugs. For catheterization, a small incision was made over the femoral artery and vein. The vessels were isolated and cleared of tissue. An arterial catheter made of 23 g Tygon tubing with a Teflon tip was threaded in the abdominal aorta via the femoral artery for measurement of blood pressure. Two venous catheters made of PE-50 tubing pulled to a finer tip were inserted in the femoral vein for administration of drugs that were used to test baroreflex function. All catheters were tunneled under the skin to exit between the scapulae and secured in place with silk suture. The dead space in the arterial catheter was filled with sterile heparin (1,000 U/ml), and venous catheters were filled with sterile heparinized saline (20 U/ml).
After catheterization, rats were prepared for implantation of a DHB or Dura pellet according to the methods previously described in detail (38) . Briefly, rats were placed in a stereotaxic head frame with the head ventroflexed to allow access to the DHB between the atlas and occipital bone. A medial skin incision was made over the atlantooccipital area, and the skin and overlying muscle were retracted. Next, an incision was made in the dura to expose the dorsal surface of the hindbrain. After removal of the pia from the brain surface, a Sham or Cort pellet was carefully placed on the brain surface with approximately one-third of the pellet extending caudal to calamus scriptorius. The pellet was secured in place with a small drop of surgical glue (Vet Bond; Henry Schein) that was applied to the caudal portion of the pellet, and the exposed surface of the pellet was coated with a small amount of Silastic gel (Kwik-sil; World Precision Instruments) to limit diffusion of the pellet contents in the cerebrospinal fluid. The opening in the dura was sealed with a small patch of nitrocellulose adhered in place with a drop of surgical glue, and the skin was sutured closed. Dura Cort pellets were implanted on the surface of the dura at the same position where the dura was cut for implantation of DHB pellets. A Cort pellet was glued to the Dura, but no Silastic gel was applied. After completion of all surgical procedures, 6 -8 ml of saline were administered subcutaneously to replace lost fluid, and Antisedan (atipamezole hydrochloride, 1 mg/kg ip) was administered to reverse the effects of Domitor. Animals were placed in clean cages, and their recovery was closely monitored.
Experimental protocol. Animals were allowed to recover overnight before the experimental protocol was initiated. All experiments were performed on conscious freely moving animals in their home cages. Drugs administered intravenously were dissolved in sterile isotonic saline. Experiments included in the study were performed in the following three groups of rats: DHB Sham (n ϭ 15), DHB Cort (n ϭ 18), and Dura Cort (n ϭ 23). Five rats (2 DHB Sham, 2 DHB Cort, and 1 Dura Cort) were excluded from the data analysis because their morning baseline Cort concentrations were Ͼ10 g/dl, which indicated they might have been stressed (33) . Removal of these animals did not alter the outcome and conclusions of the study.
Baseline data and baroreflex testing. On the day of an experiment, rats were brought to the laboratory in the morning in their home cages. The arterial catheter was connected to a pressure transducer, and the venous lines were filled with phenylephrine and nitroprusside. Arterial pressure and heart rate were recorded continuously for 3 h. After this 3-h period, baroreflex control of heart rate was determined. First phenylephrine (200 g/ml) was administered intravenously using an infusion pump (model A99; Razel Scientific Instruments, Stamford, CT) to increase arterial pressure by 50 -60 mmHg over a 1-to 2-min interval. After arterial pressure and heart rate returned to baseline values, nitroprusside (500 g/ml) was infused via the other venous catheter to decrease arterial pressure 40 -50 mmHg over a 1-to 2-min interval.
Adrenal weight and plasma Cort concentration. Systemic exogenous Cort administration can produce feedback inhibition-induced decreases in adrenal gland weight (1) . Therefore, at the termination of experiments, the rats were killed with an overdose of anesthesia (inhaled isoflurane), and the adrenal glands were removed, cleared of excess tissue, and weighed. Adrenal weights were normalized to body weight for statistical analysis. In some animals, blood samples were taken between 5:00 and 6:00 PM on the evening of the 3rd day and/or between 8:00 and 9:00 AM on the morning of the 4th day of treatment to determine plasma Cort concentration. Blood (200 l) was drawn from the arterial catheter and added to tubes containing 10 l of heparin (1,000 U/ml). Samples were centrifuged at 4°C and 3,000 g for 15 min. The plasma was stored at Ϫ20°C until being assayed with a commercially available RIA kit (I 125 RIA kit; ICN Biomedicals, Costa Mesa, CA).
Data acquisition and analysis. For the measurement of blood pressure, the arterial catheter was attached to a pressure transducer (Maxxim Medical, Athens, TX) that was connected to a bridge amplifier (World Precision Instruments, Sarasota, FL). Analog-todigital signal processing was performed by a MacLab (ADInstruments) and a Macintosh computer. Heart rate and mean arterial pressure were calculated on-line by the MacLab software. Baseline arterial pressure and heart rate were determined by averaging the data during the final 60 min of the 3-h baseline recording period.
For the baroreflex function curves, heart rate values were first averaged into 1-mmHg mean arterial pressure bins. The data were then analyzed using a sigmoid logistic function curve according to the equation, heart rate ϭ P4 ϩ P1/{1 ϩ exp[P2(mean arterial pressure Ϫ P3)]}, where P1 is the range of heart rate, P2 is the coefficient to calculate the gain as a function of pressure, P3 is the pressure at the midrange of the curve, and P4 is minimum value for heart rate (22) . The best-fit curve was calculated using SigmaPlot software (SPSS). The fit of the curve to the data was estimated by calculating an r 2 value for each curve. Maximum gain was calculated from the first derivative of the logistic function curve formula above. The r 2 values ranged from 0.91 to 0.99. Parameter values were averaged for each group and used to generate curves for graphical presentation. Statistical analysis. Because of the technical difficulty of the experiments and intermittent catheter malfunctions, it was not possible to determine baroreflex function for each animal on every day. Therefore, a separate between-subjects analysis was performed for each day of treatment, and values for mean arterial pressure, heart rate, body weight, adrenal weight, plasma Cort, and baroreflex parameters were analyzed by one-way ANOVA. Statistical significance was accepted at P Ͻ 0.05. When the overall ANOVA detected a significant difference between groups, Duncan's new multiple-range test was used for post hoc analysis. "P " values are provided for the results of the overall ANOVA. Data are presented as means Ϯ SE.
RESULTS
The rats weighed an average of 366 Ϯ 7 g (n ϭ 55) on the day of surgery to implant DHB or Dura pellets. There were no differences in body weight between the three groups on any day (data not shown).
Because of the trophic effects of ACTH on the adrenal gland, adrenal weight is a highly sensitive measure of chronic changes in circulating ACTH levels (41) . Because exogenous systemic glucocorticoids inhibit ACTH secretion, adrenal weight is also a sensitive measure of exogenous systemic glucocorticoid concentration (1) . In the present study, no differences in adrenal weights between DHB Sham (191 Ϯ 10 mg/kg, n ϭ 11), Dura Cort (189 Ϯ 6 mg/kg, n ϭ 23), or DHB Cort (199 Ϯ 9 mg/kg, n ϭ 16) rats were observed (P ϭ 0.69). Additionally, plasma Cort values in the morning (DHB Sham 2.6 Ϯ 0.3 g/dl, n ϭ 10; DHB Cort 2.9 Ϯ 0.5 g/dl, n ϭ 17; Dura Cort 3.3 Ϯ 0.4 g/dl, n ϭ 17; P ϭ 0.48) and evening (DHB Sham 17.8 Ϯ 3.9 g/dl, n ϭ 8; DHB Cort 13.5 Ϯ 3.5 g/dl, n ϭ 9; Dura Cort 10.9 Ϯ 2.8 g/dl, n ϭ 12; P ϭ 0.36) were not different between groups. These results indicate that the amount of Cort from the DHB Cort pellet that diffused centrally beyond the DHB or entered the systemic circulation did not exceed normal physiological Cort concentrations. This allowed the hypothalamic-pituitary-adrenal axis to adjust endogenous Cort secretion and maintain normal circulating Cort concentrations (1) . Furthermore, any reduction in endogenous hypothalamic-pituitary-adrenal axis activity must have been minimal, since a physiologically relevant reduction in ACTH secretion would have resulted in a decrease in adrenal weight (1) .
The number of rats per group that were used for baroreflex testing on each day is listed in Table 1 . DHB Cort treatment significantly increased baseline mean arterial pressure (112 Ϯ 2 mmHg, P ϭ 0.03) by day 4 of treatment compared with DHB Sham (105 Ϯ 2 mmHg) and Dura Cort (106 Ϯ 2 mmHg) treatments (Fig. 1, top) . Mean arterial pressure in DHB Cort rats was also significantly higher relative to Dura Cort rats on day 3 (P ϭ 0.02). There were no significant differences in mean arterial pressure between DHB Sham and Dura Cort rats on any of the 4 days of treatment, indicating the effect of Cort to increase mean arterial pressure on day 4 was specific to the centrally administered Cort and not because of systemic diffusion of the Cort. Baseline heart rate was not different between groups on days 1 (P ϭ 0.11), 2 (P ϭ 0.26), or 4 (P ϭ 0.10). On day 3, baseline heart rate ( Fig. 1, bottom) was significantly higher in DHB Cort rats (375 Ϯ 10 beats/min; P ϭ 0.04) compared with DHB Sham (342 Ϯ 10 beats/min) but not Dura Cort (347 Ϯ 7 beats per min) rats.
Average parameter values for the arterial pressure midpoint (P3) and maximum gain (calculated from P2) are provided in Fig. 2 . Baroreflex function is shown using curves calculated from the average parameter values (Figs. 3 and 4, top) and curves of averaged raw data (Figs. 3 and 4, bottom) . Resting values for mean arterial pressure and heart rate are also plotted in Figs. 3 and 4 . The mean arterial pressure midpoint was significantly increased in DHB Cort rats starting on day 2 (P ϭ 0.02) relative to DHB Sham rats and was increased on days 3 (P Ͻ 0.001) and 4 (P Ͻ 0.001) compared with both DHB Sham and Dura Cort rats (Fig. 2, top) . Maximum baroreflex gain (Fig. 2, bottom) was significantly lower (P Ͻ 0.05) in DHB Cort-treated rats on day 4 relative to DHB Sham-and Dura Cort-treated rats. No significant differences in the other baroreflex parameters (heart rate range, maximum or minimum) were detected between the three groups on the 4 days of treatment ( Table 1) .
The mean arterial pressure midpoint of the baroreflex function can increase passively as a function of increased arterial pressure (3). However, the magnitude of this passive resetting of the midpoint is normally less than the increase in mean arterial pressure, and does not exceed the increase in mean arterial pressure (11) . Figure 5 shows that, by day 4, the mean arterial pressure midpoint was significantly higher than the baseline mean arterial pressure only in the DHB Cort group (P Ͻ 0.01). These results, along with the fact that the significant increase in the baroreflex arterial pressure midpoint preceded the increase in baseline arterial pressure in the DHB Cort rats, suggest that DHB Cort produced active resetting of the midpoint that was not solely dependent on the increase in baseline arterial pressure.
DISCUSSION
Previous studies from this and other laboratories have demonstrated that systemic glucocorticoid administration can increase the arterial pressure midpoint and decrease the gain of baroreflex control of heart rate and renal sympathetic nerve activity (37, 40, (42) (43) (44) . However, the sites of action of Cort to modulate baroreflex function have not been determined. Here we report that chronic Cort administration selectively to the DHB increased the baroreflex arterial pressure midpoint by day 3 and decreased the baroreflex gain by day 4 of treatment ( Fig.  2) . Therefore, we conclude that Cort acts in the DHB to produce changes in baroreflex function similar to changes produced by systemic elevations in Cort. The present study used a previously validated method to selectively deliver Cort to the DHB (38) . In both the present and previous studies, baseline mean arterial pressure increased in DHB Cort rats by day 4 of treatment relative to both DHB Sham and Dura Cort rats ( Fig. 1 and Ref. 38 ). In the present study, baseline heart rate was elevated on day 3 in DHB Cort rats, but only relative to DHB Sham rats, whereas in the previous study we reported an increase in DHB Cort rats relative to both Dura Cort and DHB Sham rats on day 4. We have previously observed a variable effect of Cort on baseline heart rate (37, 40) .
In the present study, baseline arterial pressure and baroreflex function values were largely similar between the two control groups (i.e., the DHB Sham and Dura Cort groups) with two exceptions. First, the baroreflex midpoint was higher in the Dura Cort group on day 2 relative to the DHB Sham group (Fig. 2) . Second, baseline arterial pressure was higher in the DHB Cort group on day 3 relative to the Dura Cort, but not the DHB Sham group (Fig. 1) . Therefore, in the case of the baroreflex arterial pressure midpoint, the Dura Cort effect was transiently similar to the DHB Cort effect. In contrast, baseline arterial pressure values in the Dura Cort group were similar to values in the DHB Sham group but were slightly lower and thus significantly different from the DHB Cort group. The DHB Sham and Dura Cort control groups differ in two key ways. First, the Dura Cort surgery is less invasive since the Dura is not penetrated. It is possible that this could account for the slightly lower arterial pressure in the Dura Cort relative to DHB Sham rats on day 3, but this does not seem likely since this was not the case on day 2. Second, the Dura Cort group is exposed to a small amount of exogenous systemic Cort, whereas the DHB Sham group is not. It is possible that there is an initial transient spike in plasma Cort from the Dura pellet that could account for the increase in the baroreflex midpoint on day 2 in Dura Cort relative to DHB Sham rats. We did not measure plasma Cort on day 2. By the morning of day 4, there were no differences in plasma Cort concentration among the treatment groups, and the effects of Dura Cort and DHB Sham treatments were the same for all measured parameters. Therefore, even if the Dura Cort transiently increased the baroreflex midpoint, the effects of DHB Cort on the baroreflex midpoint observed on days 3 and 4 are because of a specific effect of DHB Cort.
Comparison with studies using central administration of glucocorticoids. Several previous studies have investigated the contribution of centrally acting glucocorticoids to baseline arterial pressure regulation using acute microinjection and chronic infusion of receptor agonists or antagonists in the cerebral ventricals (15, 49, 51, 53, 54) . In the brain, Cort binds to two primary receptor subtypes: the low-affinity but selective GR and the mineralocorticoid receptor (MR), which binds both glucocorticoids and mineralocorticoids with high affinity (10) . In those studies, intracerebroventricular injection of doses of Cort large enough to act through both MRs and GRs increased baseline arterial pressure (49, 54) , whereas lower doses expected to bind primarily to MRs did not (15, 54) . In seeming contradiction to those results, infusion or injection of selective GR agonists produced small delayed reductions in arterial pressure, whereas a GR antagonist increased arterial pressure (15, 54) . However, those studies measured blood pressure by tail cuff, a method that requires restraining and sometimes anesthetizing the rats. In fact, one group subsequently repeated their study using radiotelemetry and reported that the GR antagonist-induced increase in arterial pressure they previously observed was because of confounding effects of the tail cuff measurement protocol (53) . Gomez-Sanchez et al. (15) reported that intracerebrovascular infusion of Cort attenuated the hypertensive effects of intracerebrovascular aldosterone, which binds only to the MR. The authors conclude that Cort can act centrally to antagonize MR-mediated increases in blood pressure. However, the effect of intracerebrovascular Cort to lower arterial pressure could have been because of inhibition of endogenous systemic Cort secretion by activation of central inhibitory pathways, leading to attenuated peripheral vasoconstriction (1, 52) . Thus previous studies using intracerebrovascular administration of Cort are generally in agreement with our results in that higher doses of Cort, expected to activate both MRs and GRs, act centrally to produce small increases in arterial pressure. Some differences between our results and those of previous studies could be because of the route of administration of Cort. Although previous studies delivered agonists and antagonists globally to the brain by intracerebrovascular administration, we delivered Cort selectively to the DHB. In our studies, central administration of Cort did not change plasma Cort concentration. Furthermore, Cort may have divergent effects on arterial pressure in different areas of the central nervous system. Thus our results extend previous findings by demonstrating that administration of Cort selectively to the DHB produces a small increase in arterial pressure. None of these previous studies investigated the effects of centrally acting Cort on baroreflex function. We have demonstrated for the first time that central administration of Cort produces changes in baroreflex function similar to those observed with systemic elevations in Cort.
In a previous study, we reported that increases in arterial pressure produced by elevations in systemic Cort are attenuated by selective antagonism of GRs in the DHB (38) . We have also reported that systemic administration of the GR antagonist Mifepristone reverses effects of systemic Cort to modulate baroreflex control of heart rate and renal sympathetic nerve activity (37, 40) . However, we have not determined if the effects of Cort in the DHB on baroreflex function are mediated by MRs, GRs, or by a combined action of both receptors. An important role for the MR is supported by recent data demonstrating that intracerebrovascular infusion of aldosterone reduced the gain of the baroreflex function in Dahl Salt-sensitive rats (4) . Cooperative effects of simultaneous MR and GR occupation on angiotensin receptor expression and feedback inhibition of the hypothalamic pituitary adrenal axis have been described by others and could be important for glucocorticoid effects on central cardiovascular regulation (5, 45) . Furthermore, interactions between MRs and GRs on central cardiovascular regulation could explain some of the inconsistencies in the results of previous studies.
Evidence for pressure-independent baroreflex resetting by glucocorticoids. Resetting of the baroreceptor reflex results in a shift of the pressure-nerve activity or -heart rate relationship along the pressure (x) axis, leading to a change in the midpoint of the reflex function curve (3). With pressure-dependent resetting, increases or decreases in arterial pressure are followed by directionally similar changes in the baroreflex midpoint such that resting arterial pressure is maintained near the midpoint, which is the most sensitive portion of the sigmoid function curve (11) . In the study by Dorward et al. (11) , passive resetting was estimated at 70%, that is, the midpoint increased 7 mmHg for each 10-mmHg increase in mean arterial pressure. Even if passive resetting equaled 100%, the increase in the midpoint would not exceed the increase in mean arterial pressure. With pressureindependent or active resetting, the midpoint changes independently of changes in arterial pressure (6) . Several studies in adult rats using systemic Cort administration indicate that glucocorticoids can produce pressure-independent baroreflex resetting (12, 37, 40) . First, we reported that the effects of Cort to modulate baroreflex control of renal sympathetic nerve activity could be reversed with administration of the GR antagonist Mifepristone, even when the elevated baseline arterial pressure was maintained by phenylephrine infusion (40) . In a second study, we reported that Cort increased the midpoint and reduced the gain of baroreflex control of heart rate even though baseline arterial pressure was not elevated (37) . Gardiner and Bennett (12) demonstrated that, in the absence of glucocorticoids, the baroreceptor reflex failed to reset, suggesting that glucocorticoids are required for normal resetting. In the present study, DHB Cort produced an increase in the baroreflex midpoint (Fig. 2,  top) by day 3 of treatment before the significant increase in baseline mean arterial pressure observed on day 4 of treatment. We did not measure mean arterial pressure and baroreflex function before and after DHB or Dura treatment in the same rats. Hence, to assess the degree of baroreflex resetting (11), we compared the relationship between mean arterial pressure and baroreflex midpoint for each group on the final day of the study. Mean arterial pressure and baroreflex midpoint were not different in the two control groups, as would be expected with passive adjustment of baroreflex function to prevailing mean arterial pressure (Fig.  5) . In contrast, in the DHB Cort group, the midpoint was significantly greater than mean arterial pressure on day 4. The previous and present data, considered together, suggest that the increase in baroreflex midpoint produced by DHB Cort was the result of, in part, pressure-independent baroreflex resetting.
Study limitations. In the present study, we used a validated method to chronically administer Cort to the DHB, a key cardiovascular control area of the brain (30, 31, 38) . Limitations of this model have been discussed previously (38) . This model results in delivery of Cort to an area of the brain primarily restricted to the structures within the DHB, with very limited diffusion to other brain sites. The structures within the DHB that are important for autonomic regulation and express GRs are the nucleus of the solitary tract and the dorsal motor nucleus of the vagus (7, 28, 48) . However, the preganglionic parasympathetic efferents originating from the dorsal motor nucleus primarily affect gastrointestinal and pancreatic function, whereas cardiac vagal preganglionic fibers originate primarily in the more ventral nucleus ambiguous (28) . Therefore, the most likely site of action of the DHB Cort to modulate baroreflex control of heart rate is the nucleus of the solitary tract. However, other sites of action of Cort within the DHB cannot be completely excluded with the techniques employed in the present experiments. Moreover, there are presumably other central sites where glucocorticoids can act to regulate arterial pressure and autonomic function.
The exact dose of Cort being delivered to the tissue in the DHB is unknown; however, we have some evidence from our previous study that physiological levels of Cort can act in the DHB to modulate cardiovascular regulation (38) . In that study, we treated some rats with systemic Cort to produce an increase in plasma Cort within the physiological range. Systemic Cort increased arterial pressure by ϳ15 mmHg, and blockade of the DHB GRs with Mifepristone attenuated this increase in pressure. Furthermore, DHB Mifepristone increased peak plasma Cort concentrations, presumably because of attenuation of feedback inhibition of the hypothalamic-pituitary-adrenal axis. Thus blockade of DHB Cort receptors antagonized effects of physiological levels of systemic Cort. Furthermore, DHB Cort had no effect on feedback regulation of endogenous Cort secretion, suggesting that levels in the DHB were within the physiological range. However, only direct measurement of tissue Cort levels will determine the dose of Cort that is delivered to the brain from the DHB pellet.
In the present study, animals were given limited recovery time after surgery before experiments were initiated to examine the time course of DHB Cort effects on baroreflex function. However, baseline plasma Cort, mean arterial pressure, and heart rate were comparable to those we have observed in conscious animals with longer recovery periods (37) . Baroreflex parameter values measured in this study were also similar to those we have previously reported in conscious rats with longer recovery periods (37) , and there was little variability in the gain and midpoint of the baroreflex function over the course of treatment in DHB Sham rats (Fig. 2) . Overall, these results indicate the brief recovery period is unlikely to have affected the outcome and conclusions of the study. The current study was designed to examine initial changes in baroreflex function and arterial pressure. Future studies will be needed to determine long-term effects of DHB Cort on arterial pressure regulation.
Perspectives
Glucocorticoids are elevated in a number of conditions, including chronic stress, and are commonly administered to patients to treat autoimmune and inflammatory conditions (41) . Elevated glucocorticoids can produce clinical conditions that increase cardiovascular disease risk, including hypertension, diabetes, obesity, and depression (13, 20, 41, 46, 58, 59) . These conditions are also characterized by aberrant regulation of the autonomic nervous system, including altered baroreflex function (2, 14, 16, 36) . In the present study, we demonstrated that elevated DHB Cort reduced the gain and increased the midpoint of the baroreceptor reflex. In humans, reduced baroreflex gain is specifically associated with alterations in autonomic balance and increased risk of cardiovascular disease, including cardiac arrhythmias (19, 21, 23) , and is an independent predictor of death after myocardial infarction (24) . A direct relationship between oral steroid use and increased risk of cardiac arrhythmia has recently been reported in humans (20) . In a study of effects of chronic systemic glucocorticoid treatment on myocardial ischemia, Scheuer and Mifflin (39) observed incidences of severe arrhythmia in Cort-treated, but not sham treated, rats during ischemia or reperfusion. Therefore, the effect of DHB glucocorticoids to alter baroreflex gain could contribute to their pathophysiological effects on the cardiovascular system. The effects of DHB Cort to increase the baroreflex midpoint and reduce the reflex gain could also contribute to the development or maintenance of hypertension, although the role of the baroreflex in longterm regulation of arterial pressure is controversial (3, 29, 32, 50) . In summary, the results of the present study improve our understanding of the mechanisms that account for the increased cardiovascular disease risk imposed by elevated glucocorticoids and emphasize the importance of understanding the nature and mechanisms of glucocorticoid effects on central control of autonomic function.
